Introduction
The discovery of TS-1 in the 1980s was a remarkable breakthrough in the synthesis of titanium containing materials. However, the substrates which can be oxidised in the presence of these microporous titanium silicates are limited to molecules with kinetic diameters less than 0.6 nm. The availability of titanium mesoporous materials such as Ti-MCM-41 [1] [2] [3] and Ti-SBA-15 [4, 5] broadens the potential applications of Ti-containing porous solids as catalysts in selective oxidation reactions, which are extremely important for the production of valuable intermediates in fine chemistry. These MCM-41 and SBA-15 type materials with an hexagonal array of unidirectional tubular pores, extremely high surface area and porosity, combine the advantages of presenting a narrow pore size distribution and having pore size adjustable from ~2 to 30nm. Nevertheless, heterogeneous catalytic oxidation processes and other fields of application can be substantially reduced due to lack of stability under process conditions. Thus the structural stability, namely, thermal, hydrothermal and mechanical, is a key factor in their practical applications.
Several studies have been published concerning the mechanical stability of the pure silica mesoporous materials, such as SBA-15 [6] [7] [8] , and also materials organically functionalised by a direct method [9] . However, to the best of our knowledge there is only our previous work published concerning the mechanical stability of ordered mesoporous materials containing titanium, namely, Ti-MCM-41 [10] . Therefore, the work presented here focuses on the structural characterisation of Ti-SBA-15 materials, prepared by direct synthesis with different Si/Ti molar ratios, and their mechanical stability under application of unidirectional external pressure in the range 74-814MPa, which includes the industrial conditions for making pellets as the commonly applied pressure is in the range 10-400MPa [8] .
Experimental
Synthesis. The pure silica sample designated Si-SBA15 was prepared following a procedure previously reported by Zhao et al. [11] . The Ti-SBA15 materials were prepared based on the synthesis procedure reported for the Si-SBA15 sample. In a standard procedure, P123 (8.0g) was mixed with water (60g), until complete dissolution at room temperature. Then a 2 moldm -3 HCl solution (240g) was added to the above solution. To this was added, while stirring, a mixture of TEOS (17g) with an appropriate amount of Ti(OPr i ) 4 to achieve the required molar ratio (Si/Ti=100, 50, 10) and the resulting mixture was stirred for 20h at 343K. The resultant mixture was then aged at 353K for 48h without stirring. Finally the synthesis products were recovered by filtration and washed with 250cm 3 of double distilled water. After drying at 343K, the samples were calcined in air at 873K for 6h using a heating rate of 1 Kmin -1 to achieve the final temperature.
Characterisation. All samples were characterised by X-ray diffraction (XRD), nitrogen adsorption at 77K. The XRD measurements were carried out on a Bruker AXS-D8 Advance powder diffractometer, using CuK α radiation (40kV, 30mA), with a step size of 0.01º (2θ) and 5s per step. Nitrogen adsorption isotherms at 77K were determined on a CE Instruments Sorptomatic 1990. Prior to the determination of the adsorption isotherms, the samples were outgassed for 8 h at 453K, achieved using a heating rate of 1 Kmin -1 . The Si/Ti values of the final calcined materials were determined by ICP analysis.
Mechanical stability studies. Mechanical tests were performed following a similar procedure to that reported for Ti-MCM-41 in our previous work [10] . Powdered calcined samples (0.125g) were pelletised into a steel die of 13mm diameter using a hand-operated press apparatus (Specac) for 2min. The structure of the mechanically pressed samples was examined by X-ray diffraction. The unidirectional external pressures applied were increased gradually until the intensities of the main diffraction peaks, d 100 , were reduced to ~10% of their initial values. For selected pressures values, 74, 222 and 518 MPa, characterisation by nitrogen adsorption at 77K was also performed.
Results and Discussion
Characterisation of SBA-15 samples. The Si/Ti molar ratio values of the final calcined Ti-SBA15 samples, determined by ICP analysis, and in the synthesis gels are listed in Table 1 . It is evident from the results presented that the Si/Ti molar ratio values of the final calcined samples are significantly different from the initial Si/Ti molar ratios in the synthesis gels. This characteristic of the samples prepared in this work is apparently common to most Ti-SBA15 materials obtained by direct one-step synthesis under strongly acidic hydrothermal conditions which induce the dissociation of the Ti-O-Si bonds [4, 5] . Therefore the metal content incorporated in all titanium mesoporous materials prepared is extremely low, in particular, for the Ti-SBA15-100 and Ti-SBA15-50 samples.
Recent studies [5, 12] demonstrated that the influence of synthesis parameters is crucial for the incorporation and the dispersion of titanium in titanium substituted SBA-15 prepared by direct synthesis. Controlling carefully the synthesis conditions, in particular, the hydrochloric acid concentration, silica precursor concentration, and hydrothermal temperature and time, it is possible to prepare Ti-SBA15 materials with higher Ti content. However, the pore diameters are limited to relatively small values (<6 nm) and the materials exhibit lower hydrothermal stability.
Powder XRD patterns and nitrogen adsorption isotherms at 77K determined on Si-SBA15 and Ti-SBA15 calcined samples prepared with different Si/Ti molar ratio are shown, respectively, in Fig. 1(a) and (b). The results of the structural characterisation by XRD and analysis by the α s method of the nitrogen adsorption isotherms at 77K of the samples studied are presented in Table 1 .
For all samples, the three or four peaks observed at low diffraction angles could be indexed to only one hexagonal structure (p6mm) and the unit cell parameter values, a 0 , corresponding to the average using at least the three peaks of (100), (110) and (200), are presented in Table 1 . Additionally, no peaks at higher angles were observed (results not shown), indicating the absence of any crystalline phases. The powder XRD patterns presented are characteristic of 2-D hexagonal structures with high degree of ordering.
A general overview of Fig. 1(b) clearly indicates that all samples present an irreversible type IV nitrogen adsorption-desorption isotherm with a H1 hysteresis loop, which is typical of mesoporous materials with a narrow distribution of large pore sizes such as SBA-15 type materials. Additionally the pore filling step at p/p o ≈ 0.7, i.e., within a fairly narrow range of relative pressure clearly shows a size uniformity of the tubular unidirectional mesopores. However, the adsorption isotherm for sample Ti-SBA15-10 is quite unusual for polymer-templated 2-D hexagonally ordered silicas, because the increase in adsorption in the capillary condensation range is relatively large in comparison to the amount adsorbed before the onset of the capillary condensation step. This behaviour is indicative of low content of complementary micropores or even their absence. In fact, for this particular sample the first linear region, prior to mesopore filling, of the α s plot could be back extrapolated through the origin, indicating the absence of primary micropores. It should be pointed out that similar results were obtained by Jaroniec et al [13] with a SBA-15 silica sample synthesised from sodium silicate under neutral conditions. The results of the structural characterisation by nitrogen adsorption at 77K are consistent with those obtained from X-ray diffraction and confirm the high quality 2-D hexagonal mesoporous structures.
It can be seen from Table 1 that all the samples present values of total surface area and total pore volumes characteristic of SBA15 type materials [4, 5] . The determination of pore diameter, reveals a pore size of 7.2nm for Si-SBA15 and an only slightly larger size for the titanium samples with lower Ti content, Ti-SBA15-100 and Ti-SBA15-50. For the higher Ti content sample, Ti-SBA15-10, the increase in pore size upon Ti incorporation is more accentuated which can be related partially to a decrease in the pore wall thickness observed for this sample.
Mechanical stability Representative powder XRD patterns and nitrogen adsorption isotherms at 77K determined on Ti-SBA15-100 sample, non-compressed and subsequently compressed at different unidirectional external pressures, are shown, respectively, in Fig. 2(a) 
and (b).
A general overview of the results clearly shows that the main effect of the increase of pelletising pressure is a gradual reduction in d 100 , d 110 and d 200 peak intensities, but the unit cell parameters, a 0 , are practically unaffected, as can be confirmed in Fig. 3(a) . Similar observations have been reported in other studies with SBA-15 materials [6] [7] [8] and Ti-MCM-41 materials [10] and it is most likely to be due to some zones being completely crushed while others remained intact. The SBA15 2-D hexagonal mesoporous structure (3 peaks) is observed with increasing pelletising pressure up to 370MPa for the Si-SBA15 and Ti-SBA15-100 samples and up to 148MPa for the Ti-SBA15-10 and Ti-SBA15-50 samples. These observations are in agreement with the intensity reduction of the d 100 diffraction peaks, Fig. 3(b) , which is more pronounced for the last two samples. By applying 814MPa the d 100 peak is still observed for most of the samples with I 100 above 10% of the original uncompressed material confirming that the mesoporous structure is at least partly preserved. At this pressure only the structure of the Ti-SBA15-10 is completely collapsed. From the nitrogen adsorption isotherms displayed in Fig. 2(b) , it can be seen that the mesoporous structure of Ti-SBA15-100 is still observed after the application of unidirectional pressures of 74, 222 and 518MPa. Similar behaviour was also observed for all of the other samples. However, the maximum adsorbed amounts and the verticality of the pore filling steps decreased as the pelletising pressure increased which denotes a gradual decay of quality of pore structure, namely, a progressive extensive broadening of the pore size distributions. This effect was less accentuated for the pure silica sample and more pronounced for Ti-SBA15-50 and Ti-SBA15-10. It was also observed, for all samples, that the isotherms were completely reversible at high relative pressures, indicating the absence of secondary mesoporosity due to interparticle agglomeration.
It can be noted from Fig. 3(c) and (d) that there was a gradual redution in total surface area, A s , and total pore volume, V p , with increasing pelletising pressure with the most prominent effect occurring with the Ti-SBA15-10 sample. Interestingly this was accompanied by the appearance of a small micropore volume for this sample, V mi , while for the other samples the micropore volume remained practically constant over the range of experimental conditions. The trends of the effect of the increase of pelletising pressure in slightly decreasing the pore width, D p , and the simultaneous increase in pore wall thickness, t, without significant change in unit cell parameter, a 0 , of the SBA-15 materials studied in this work were similar to those reported recently for Al-MCM-41 materials [14] , where two possible hypotheses were proposed to interpret and justify those observations. It is possible that the walls of some pores will merge completely accounting for the increase of the pore wall thickness. It may also be possible that the materials contain parts with narrower pores and thicker walls, but with the same distance between the pore centres (same a 0 ). These could be more resistant to compaction, with the wider pores and thinner walls collapsing first. Both hypotheses would lead to a decrease in long range order and, consequently, to a decrease in the intensity of the XRD, with a 0 remaining constant.
The results presented show that the titanium containing samples are less resistant than the pure silica. Several studies performed on mesoporous silicas demonstrated that adsorbed water leads to lower mechanical stability due to mechanochemical hydrolysis of Si-O-Si bonds. However, in the present work the mechanical tests were carried out not very long after calcination and practically simultaneously which leads to a reduced amount of adsorbed water in all samples.
So, we may conclude that the titanium influences the mechanical stability of calcined samples even at a very low level of Ti incorporation in the final calcined Ti-SBA15 samples. It is interesting to note that the decrease in mechanical resistance of the materials seems to follow a trend dependent on the Si/Ti molar ratio values in the synthesis gel, rather than on the final Si/Ti. Considering the low levels of Ti incorporation, it is clear that the amounts of titanium soluble species increase with Si/Ti of the gel. In this sense, it is possible that these soluble species have a shielding effect and prevent partially the formation of Si-O-Si bonds, resulting in a lower degree of polymerisation of
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Summary
In this work, mesoporous silica and titanium SBA-15 samples were prepared by direct one-step synthesis under strongly acidic hydrothermal conditions and different Si/Ti molar ratios in the gels. It was found that all samples presented 2-D hexagonal structures with high degree of ordering, high pore volumes and uniform pore diameters, but the exact textural properties were not the same amongst samples, despite the amount of metal incorporated being very low and well below that in the synthesis gel.
A study of mechanical stability in air showed that for all samples the high quality SBA-15 2-D hexagonal mesoporous structure is observed at least up to 148-370MPa and the pore volumes are still considerable. The increase in unidirectional external pressure promoted a progressive decay in pore structure quality and the total collapse of ordered mesostructures occurs ~814MPa for all freshly calcined pure silica and Ti-SBA15 samples. However, the effect was more pronounced for the Ti-SBA-15 and the mechanical stability was found to be dependent on the titanium introduced into the synthesis gel, rather than on the Si/Ti molar ratio of the final calcined Ti-SBA15 samples.
